Paracoccidioidomycosis (PCM) is a human systemic mycosis caused by the thermally dimorphic fungus Paracoccidioides brasiliensis. Geographically, it is confined to Latin America, with its areas of endemicity extending from Central America to Argentina. It constitutes one of the most prevalent deep mycoses in this region (37) . The great majority of the infected subjects develop an asymptomatic pulmonary infection, although some individuals present clinical manifestations which give rise to the polar forms of overt PCM, namely, hyperergic or localized and anergic or disseminated disease (31) . Clinical and experimental data indicate that cell-mediated immunity plays a significant role in host defense against P. brasiliensis infection, whereas high levels of specific antibodies and polyclonal activation of B cells are associated with the most severe forms of the disease (2, 13, 34, 40) .
Using a murine model of intraperitoneally (i.p.) induced PCM, Calich et al. (9) showed that there were significant differences in susceptibility among inbred strains: A/Sn mice were found to be the most resistant, while B10.A animals were the most susceptible to P. brasiliensis infection. More recently, we developed a pulmonary PCM model employing the same inbred mouse strains but using the intratracheal (i.t.) route (11) . It was observed that A/Sn mice developed a chronic benign, pulmonary-restricted PCM whereas B10.A mice developed a progressive disseminated disease. The results obtained suggested that resistance to PCM was associated with T-cell, macrophage, and B-cell activities that are known to be mediated by gamma interferon (IFN-␥).
It has been well documented that IFN-␥ plays a pivotal role in host resistance against various pathogens through augmentation of the killing activity of macrophages (7, 15, 26, 30) . IFN-␥-activated macrophages presented an enhanced killing activity against P. brasiliensis conidia and yeast cells (6, 12) . Mody et al. (30) demonstrated IFN-␥-induced improvement of cryptococcocidal activity of rat alveolar macrophages. In addition, Salkowski and Balish (39) showed enhancement of natural killer (NK) cell activity by IFN-␥ during cryptococcal infection and impaired clearance of the fungus from the spleens, lungs, and livers of mice treated with anti-IFN-␥ monoclonal antibody (MAb). The availability of these reagents has facilitated many studies aimed at elucidating IFN-␥-mediated immune mechanisms at the molecular level and at defining its in vivo physiologic role.
The purpose of this work was to identify type 1 (IFN-␥ and interleukin-2 [IL-2]) and type 2 (IL-4, IL5, and IL-10) cytokines produced at the site of infection and to verify the effects of anti-IFN-␥ MAbs as an in vivo treatment in the murine pulmonary model of PCM. We studied the pulmonary infection, extrapulmonary dissemination, specific delayed-type hypersensitivity (DTH) reactions, and specific humoral responses in three groups of animals (untreated, treated with normal immunoglobulin G [IgG] , and treated with anti-IFN-␥ MAbs) of each mouse strain (A/Sn and B10.A) at two periods post-i.t. infection (weeks 4 and 8). We demonstrated a mixed pattern of pulmonary cytokine secretion in both mouse strains, but the levels of IFN-␥, IL-4, IL-5, and IL-10 were higher in the lungs of susceptible animals. We also verified that irrespective of the mouse strain, IFN-␥ plays an important role in resistance to P. brasiliensis infection, through its enhancement of the clearance of fungal cells and of cell-mediated immune responses and its regulatory effects on specific humoral immune responses. Furthermore, the proinflammatory activity of this cytokine appears to be crucial to the induction of circumscribed lesions in the lungs.
MATERIALS AND METHODS
Fungus. P. brasiliensis 18, an isolate which is highly virulent (25) , was used throughout this study. To ensure the maintenance of its virulence, the isolate was used after three serial animal passages (23) . P. brasiliensis 18 yeast cells were then maintained by weekly subcultivation in semisolid Fava Netto's culture medium (16) at 35°C and used at the 7th day in culture. The fungal cells were washed in phosphate-buffered saline (PBS; pH 7.2) and counted in a hemocytometer, and the concentration was adjusted to 20 ϫ 10 6 fungal cells ml
Ϫ1
. Viability of fungal suspensions, determined by Janus green B vital dye (Merck, Darmstadt, Germany) (5), was always higher than 80%.
Animals. Unless otherwise stated, groups of 8 to 10 male mice (9 to 11 weeks old) from the susceptible (B10.A) and resistant (A/Sn) strains were used for each period of infection. BALB/c mice were used for the expansion of the anti-IFN-␥ hybridoma. All animals were bred at the University of São Paulo animal facilities and provided with acidified water and sterilized food and bedding.
Surgical i.t. inoculation. Mice were anesthetized by the i.p. route with a 0.4% solution of 2-(2,6-xylidine) 5,6-dihydro-4 H-1,3-thiasine hydrochloride (10 ml/kg of body weight; Rompun; Bayer of Brazil). After 10 min, the animals were injected i.p. with a 2.5% solution of chloral hydrate (10 ml/kg; Reagen, Quimibrás, Indústrias Químicas, Rio de Janeiro, Brazil). Animals were restrained on a small board and infected with 10 6 fungal cells (P. brasiliensis 18) by surgical i.t. inoculation. For this purpose, a small incision was made through the skin over the trachea, and the underlying tissue was separated; a 30-gauge needle attached to a tuberculin syringe was inserted into and parallel with the trachea, and 50 l of inoculum was dispensed into the lungs. The skin was then sutured, and mice were allowed to recover under a heat lamp. (29) and assayed for purity by sodium dodecyl sulfate-polyacrylamide gel electrophoresis. The biological activity of MAb XMG1.2 was tested by its in vitro inhibitory activity on nitric oxide production by concanavalin A-activated macrophages. Groups of B10.A and A/Sn mice were given 1 mg of MAb XMG1.2 or rat IgG (controls) in 1 ml of PBS (pH 7.2) by the i.p. route 1 day before i.t. inoculation with P. brasiliensis (day Ϫ1) and 0.5 mg of XMG1.2 or rat IgG weekly thereafter (days 7, 14, 21, etc.).
Cytokine analysis. B10.A and A/Sn mice were i.t. infected with P. brasiliensis and at 4 and 8 weeks after infection (six mice per group) their right lungs were aseptically removed and disrupted in 3.0 ml of RPMI 1640 medium (Gibco BRL). Supernatants were separated from cell debris by centrifugation at 2,000 ϫ g for 15 min, passed through 0.22-m-pore-size filters (Millipore), and stored at Ϫ70°C. The levels of IL-2, IL-4, IL-5, IL-10, and IFN-␥ were measured by capture enzyme-linked immunosorbent assay (ELISA) using antibody pairs purchased from PharMingen (San Diego, Calif.). The ELISA procedure was performed according to the manufacturer's protocol, with slight modifications. Briefly, ELISA 96-well microtiter plates (Corning Laboratory Sciences Co., New York, N.Y.) were coated with purified MAb, and nonspecific binding sites were blocked with 2% gelatin (Difco Laboratories, Detroit, Mich.) in PBS (pH 7.0) for 3 h at room temperature. The supernatants were added in triplicates, and biotinylated MAb was used as the secondary antibody. Finally, wells were incubated with a streptavidin-biotin-horseradish peroxidase complex (Vectastain ABC kit; Vector Laboratories, Inc., Burlingame, Calif.) for 30 min at room temperature. The final reaction was developed with 10 mg of o-phenylenediamine (Merck) in 10 ml of 0.03 M citric acid-0.04 M sodium phosphate solution, supplemented with 5 l of 30% hydrogen peroxide (Merck), for 40 min at room temperature. The enzymatic reaction was stopped with 4 N sulfuric acid, and A 490 was read on a Dynatech MR 5000 Microplate Reader (Dynatech Laboratories, Inc., Chantilly, Va.). The concentrations of cytokines were determined with reference to a standard curve for serial twofold dilutions of murine recombinant cytokine (PharMingen). The lower limits of detection of the recombinant standard curves were 0.78 U/ml for IL-2, 7.8 pg/ml for IL-4, 7.8 pg/ml for IL-10, 7.8 pg/ml for IL-5, and 0.2 U/ml for IFN-␥.
Assay for organ CFU. The number of viable microorganisms in different organs in infected mice was determined by CFU counts. At two times postinfection (4 and 8 weeks), 8 to 10 infected B10.A and A/Sn mice of three groups (untreated or treated with normal IgG or anti-IFN-␥) were sacrificed, and their lungs, livers, and spleens were aseptically removed, weighed, and homogenized in 5 ml of sterile PBS by means of a tissue grinder. The cellular suspensions were washed three times in PBS, and the final pellets were resuspended in 1 ml of PBS. Aliquots (100 l) of each homogenate were plated on brain heart infusion agar (Difco) which contained 4% (vol/vol) normal horse serum (Instituto Butantan, São Paulo, Brazil) and 5% P. brasiliensis 192 culture filtrate; the latter constituted the source of growth-promoting factors (41) . When necessary, dilutions were made in sterile PBS. Plates were incubated at 35°C, and colonies were counted daily until no increase in counts was observed. The numbers (log 10 ) of viable P. brasiliensis per gram of tissue are expressed as the means Ϯ standard errors.
DTH assay. The DTH reactions of the same animals used for the CFU determinations were evaluated by the footpad test as described by Fazioli et al. (17) . Briefly, 24 h before the animals were sacrificed, the footpad thicknesses were measured with a dial caliper (precision, 0.01 mm; Mitutoyo Corporation, Tokyo, Japan); immediately thereafter, the mice were challenged by injection of 25 l of Fava Netto's antigen (16) derived from P. brasiliensis 18 (protein concentration, 310 g ml
). The footpad thickness was measured 24 h later, and swelling was expressed in millimeters. Noninfected control mice were also submitted to the footpad test.
Specific antibody levels. Specific antibody levels (total Ig, IgM, IgG1, IgG2a, IgG3, and IgG2b) were measured by a previously described ELISA (11), using a cell-free antigen (10) prepared from a pool of different P. brasiliensis isolates (339, 265, and 18). The average of the optical densities obtained by using sera from control mice (PBS inoculated), diluted 1:20, was considered the cutoff for each isotype. Optical densities for each dilution of experimental sera were compared to the control values. The titer for each sample was expressed as the reciprocal of the highest dilution which presented absorbance higher than the cutoff.
Histopathologic analysis. Groups of four to five untreated, IgG-treated, and IFN-␥-depleted P. brasiliensis-infected A/Sn and B10.A mice were killed at week 4 after infection. Lungs were collected, fixed in 10% formalin, and embedded in paraffin. Five-micrometer sections were stained by the hematoxylin-eosin (HE) method. Pathologic changes were analyzed based on the number, size, morphology, and cell composition of granulomatous lesions, number of fungi, and intensity of the inflammatory infiltrates.
Statistical analysis. The number of CFU/gram of tissue, DTH reactions, antibody titers, and pulmonary cytokines were analyzed by a nonparametric method (Kruskal-Wallis), and then by the Dunn multiple comparisons method; the two-way analysis of variance was used to verify differences in cytokine secretion (45) . A P value of Ͻ0.05 was considered significant.
RESULTS
Determination of the cytokine profile in the lungs of infected B10.A and A/Sn mice. To examine whether type 1 (IFN-␥ and IL-2) and type 2 (IL-4, IL-5, and IL-10) cytokines were differentially secreted in the lungs of B10.A and A/Sn mice, we harvested lung cell supernatants at weeks 4 and 8 after P. brasiliensis infection and measured the presence of cytokines by capture ELISA. As can be seen in Table 1 , both mouse strains showed a mixed type 1-type 2 cytokine response. However, at both periods assayed, susceptible animals presented a Lungs from infected mice were collected and disrupted in 3.0 ml of RPMI 1640 medium, and supernatants were obtained for cytokine assays. Capture ELISA was performed as described in Materials and Methods. Numbers indicate the mean (standard deviation) for six mice tested at each time point.
b Difference statistically significant; P Ͻ 0.05 compared to results obtained from A/Sn mice at the same periods after infection.
significantly higher levels of IFN-␥, IL-4, IL-5, and IL-10 than resistant mice. Effect of in vivo neutralization of IFN-␥ on the course of P. brasiliensis infection. The evolution of the disease in untreated and treated B10.A and A/Sn mice was monitored by CFU counts in the lungs, spleen, and liver at weeks 4 and 8 after infection (Fig. 1 ). Rat IgG treatment had no effect on the degree of infection of both B10.A and A/Sn mice compared with the infected untreated mice. The in vivo depletion of IFN-␥ for 4 weeks induced an earlier dissemination of fungal cells to the liver and spleen in both mouse strains and exacerbation of the pulmonary infection in B10.A animals. When depletion of endogenous IFN-␥ was accomplished by treatment for 8 weeks, progression of both pulmonary and extrapulmonary infection with elevated CFU numbers was observed, and the numbers of viable yeast cells were significantly higher (P Ͻ 0.05) than at week 4 postinfection.
Effect of anti-IFN-␥ MAb on the DTH response. To assess the possible effect of anti-IFN-␥ treatment on the development of DTH, mice challenged i.t. with 10 6 P. brasiliensis yeast cells (untreated or treated with control normal IgG or XMG1.2 antibodies) were injected intrafootpad with 25 l of a soluble P. brasiliensis antigen 4 and 8 weeks after infection. The increase in footpad swelling was measured 24 h later (Fig. 2) . (Fig. 2) .
Effect of anti-IFN-␥ treatment on serum levels of P. brasiliensis-specific antibodies. We next measured the levels and determined the isotype profiles of specific antibodies in the sera of B10.A and A/Sn mice infected with P. brasiliensis and treated with control IgG or XMG1.2 antibodies. At 4 and 8 weeks after infection, sera were collected and assayed for their contents of total Ig, IgM, IgG1, IgG2a, IgG2b, and IgG3. Figure 3 shows that in both mouse strains, treatment with normal rat IgG for 4 weeks induced a tendency toward increased levels of antibodies. However, significantly increased levels of total Ig and IgG1 were observed in B10.A mice treated with normal IgG or anti-IFN-␥ antibodies (titers of about 1:640). Additionally, the in vivo depletion of IFN-␥ produced enhancement of total Ig (1:2,228), IgG1 (1:1,470), IgG2a (1:2,560), and IgG2b (1:1,689) levels in the A/Sn mice. When treatment was given for 8 weeks, a few alterations in the antibody levels were also noticed (Fig. 4 ). There were significant increments in IgG1 and IgG2b isotype levels in both mouse strains.
Effect of IFN-␥ depletion on pulmonary lesions. The increased fungal burden and extrapulmonary dissemination observed in IFN-␥-depleted mice suggested that this cytokine could influence the morphology of pulmonary lesions. To investigate this possibility, we analyzed lung sections from control and anti-IFN-␥-treated mice at week 4 postinfection. Pul- monary lesions of untreated susceptible and resistant mice showed similar patterns: isolated or aggregated granulomatous lesions of various sizes (Fig. 5A) , composed of macrophages often transformed into epithelioid cells and fungi, surrounded by a lymphoid sheath (Fig. 5B ). Neutrophils were frequent and usually oriented around fungal cells, forming rosette-like structures. Some lesions presented a central necrotic area rich in P. brasiliensis yeast cells. The fungi in the granulomas either showed their typical morphology with multiple budding or were degenerated. Despite the similarity in morphology, lesions from resistant animals presented more necrotic areas and tended to be more circumscribed. Treatment with normal rat IgG had no significant effect on the morphology of the lesions. In contrast, neutralization of endogenous IFN-␥ led to striking differences: in both mouse strains, the pulmonary parenchyma was almost totally substituted by huge granulomatous lesions (Fig. 5C ), containing innumerable yeast cells (Fig. 5D) . The most relevant difference between B10.A and A/Sn strains was the increased amount of eosinophils in the former and the higher number of necrotic lesions in the latter.
DISCUSSION
This study demonstrates for the first time that irrespective of the genetic background of mouse strain, IFN-␥ exerts a protective role against pulmonary P. brasiliensis infection. At weeks 4 and 8 after infection, B10.A and A/Sn mice showed a mixed response where IFN-␥ and type 2 cytokines appeared concomitantly. However, the levels of IFN-␥, IL-4, IL-5, and IL-10 were higher in the lungs of B10.A mice. Thus, the levels of IFN-␥ in the site of infection do not determine the resistance phenotype to P. brasiliensis infection, but the amount of IL-4, IL-5, and IL-10 or another inhibitory cytokine such as transforming growth factor ␤ could be linked to susceptibility.
Our results do not demonstrate a polarized Th1/Th2 activation. On the contrary, IFN-␥ and Th2 cytokines were equally produced with different net results in resistant and susceptible mice. Since A/Sn mice infected i.t. with P. brasiliensis present a restricted pulmonary infection, low mortality rates, persistent DTH reactions, bronchoalveolar macrophage activation, and predominance of IgG2a and IgG3 antibodies (11), we can infer that the lower levels of type 2 cytokines at the site of infection result in a prevalent effect of IFN-␥. On the other hand, the higher levels of pulmonary IFN-␥ in B10.A mice appear to confer local protection in controlling fungal growth, but the concomitant presence of high levels of type 2 cytokines appears to be sufficient to downmodulate macrophage activation and DTH responses, resulting in dissemination of yeast cells to extrapulmonary sites. In agreement with the disease-exacerbating effect of Th2 cytokines, previous studies in our laboratory demonstrated a protective effect of murine recombinant IL-12 on the i.t. infection of B10.A mice as revealed by the absence of fungal dissemination to liver and spleen and significant decreases in the levels of pulmonary IL-4, IL-5, and IL-10 (3).
The high levels of pulmonary IFN-␥ were not accompanied by increased amounts of IL-2, another Th1 cytokine. As CD4 Th1 and Th2 cytokines at other lymphoid tissues is necessary to extend our present findings.
Several experimental findings obtained in this study show that IFN-␥ plays a critical role in host resistance against P. brasiliensis. In both mouse strains, treatment of i.t.-infected mice with anti-IFN-␥ MAb prevented the clearance of yeast cells from the lungs and promoted their dissemination to the liver and to the spleen. Thus, IFN-␥ depletion increased more than 1,000-fold the pulmonary fungal burden of B10.A mice and 10-fold the already high number of fungal cells in the lungs of A/Sn mice, which became indistinguishable from those in susceptible animals. Furthermore, in vivo IFN-␥ neutralization dramatically altered the histological pattern of pulmonary lesions of B10.A and A/Sn mice, which lose their ability to circumscribe fungal cells at the site of infection. The compact granulomata composed of packed epithelioid cells and restricted number of fungi were replaced by a fungus-rich diffuse inflammation obliterating the normal pulmonary structure. This picture is more severe than those observed in T-celldeficient animals (BALB/c nu/nu) or mice with impaired macrophage activity (8, 24) after infection with the same P. brasiliensis isolate.
Previous investigations have shown that depletion of endogenous IFN-␥ by in vivo administration of anti-IFN-␥ MAb exacerbates bacterial (7, 35) , protozoan (44) , and fungal (1, 27, 38) infections. Protection against these diseases correlates directly with expression of cell-mediated immune responses and parasite killing by activated macrophages. One mechanism by which IFN-␥ might mediate resistance to P. brasiliensis is by activating macrophages to inhibit or kill the fungus. Human macrophages cultivated for 3 to 7 days and treated for 3 days with cytokines or IFN-␥ could be activated restraining P. brasiliensis multiplication in long-term cultures (32) . Moreover, this modulation by IFN-␥ or cytokines could be inhibited by the presence of antibody to IFN-␥. Accordingly, it was demonstrated that treatment of murine pulmonary or peritoneal macrophages with IFN-␥ potentiated their anti-Paracoccidioides activity (6, 12) . In a previous work, we also demonstrated a clear association between macrophage activation, as measured by hydrogen peroxide release, and resistance to fungal challenge (11) . Altogether, these results suggest that IFN-␥ plays a role in macrophage activation and inhibition of P. brasiliensis multiplication.
The murine inflammatory response that results in DTH is transferred by Th1 cells when injected with the appropriate antigen (14) . Issekuts et al. (22) demonstrated that IFN-␥ is a potent stimulator of lymphocyte migration into the skin and plays a major role in lymphocyte recruitment into DTH reac- tions. In addition, IFN-␥ has been shown to up-regulate intercellular adhesion molecules (ICAM-1) on endothelial cells promoting lymphocyte-endothelial cell binding (36) . In the present investigation, the administration of anti-IFN-␥ antibodies induced in both mouse strains a depressed cellular immune response as revealed by the diminished DTH reactivity. The observed DTH anergy could be ascribed either to a deficient priming of naive T cells to Th1 responses or to an impaired lymphocyte migration and homing at the site of antigen inoculation. Independent of the mechanism, IFN-␥ depletion results in decreased systemic inflammatory activity and a more severe pathology.
When we analyzed humoral immune responses, we observed that both treatments used (normal IgG and anti-IFN-␥) stimulated the production of higher antibody levels. A recent publication (43) reported that high concentrations of normal IgG induce the activation of CD4 ϩ T cells and B cells. This fact could explain, at least partially, the increments in the antibody levels observed in this study. The depletion of IFN-␥ caused in susceptible and resistant mice higher production of IgG1 and IgG2b antibodies, indicating an enhanced production or activity of IL-4 and transforming growth factor ␤, which positively control B-cell switches to IgG1 and IgG2b isotypes, respectively (21, 28) . The detected increase of IgG2a antibodies in the serum of anti-IFN-␥-treated resistant animals at week 4 after infection appears to be paradoxical since it occurred in an environment of neutralization of IFN-␥, a cytokine which is known to induce IgG2a production (19, 42) . However, Snapper and Paul (42) described the potentiating effect of low levels of IFN-␥ on IgG2a secretion. Therefore, in the present work a partial depletion of this cytokine might explain the higher levels of IgG2a-specific antibodies. The increase of this isotype could also be explained by the action of other mediators such as IFN-␣, which was previously shown to stimulate a B-cell switch to IgG2a production (18) .
In the disseminated form of human PCM, high levels of specific antibodies and depressed cellular immunity are associated with histopathological features showing loose granulomatous inflammation containing large numbers of fungal cells (31) . Our present work, using the natural route of infection, showed that depletion of IFN-␥ induces in resistant and susceptible animals a pathology which mimics the severest forms of human PCM.
It is apparent from the pulmonary model of PCM that the presence of IFN-␥ is essential for protective immunity and optimal elimination of P. brasiliensis. In the human pathology, it may be possible to enhance protective immune responses by passive administration of recombinant IFN-␥ or other immunotherapeutic procedures which downmodulate the synthesis of Th2 cytokines. However, further studies on the effects of immunoregulatory cytokines are needed to better understand the resistance mechanisms to pulmonary PCM.
